Since Thrower and Valentine (1943) showed that polyamines added at the same time as propamidine prevented the inhibition of growth. Bichowsky-Slomnitzki (1948a, b) found that nucleic acids would reverse the bacteriostatic effect of pentamidine and stilbamidine on Escherichia coli and Staphylococcus aureus as effectively as polyamines.
Since Thrower and Valentine (1943) observed the trypanocidal and bacteriostatic action of propamidine, a number of investigators have studied the antimicrobial action of the aromatic diamidines. Kohn (1943) reported the inhibition of growth of Escherichia coli and Staphylococcus aureus by propamidine. This observation was extended to include Lactobacillus casei and Streptococcus lactis strain R by Snell (1944) , who showed that polyamines added at the same time as propamidine prevented the inhibition of growth. Bichowsky-Slomnitzki (1948a, b) found that nucleic acids would reverse the bacteriostatic effect of pentamidine and stilbamidine on Escherichia coli and Staphylococcus aureus as effectively as polyamines. Bernheim (1943) investigated the effect of propamidine on resting cells of Escherichia coli and observed the reduction of oxygen utilization on the substrates alanine and arginine and on peptone in presence of the drug. Respiration on glucose and pyruvate was much less sensitive to propamidine. Blaschko and Duthie (1945) suggested the inhibition of amine oxidases as a point of possible metabolic interference by these compounds.
The present study of the inhibition by pentamidine of the growth of Escherichia coli strain K-12 was undertaken as one phase of the investigation of the effect of this diamidine on bacteriophage production in K-12. The reversal of growth inhibition by L-glutamic or a-ketoglutaric acids and the interference by pentamidine with transaminations involving glutamic acid constitute the subject matter of this paper.
MATERIALS AND METHODS
The medium of Davis and Mingioli (1950) without citrate was employed unless otherwise I This work was supported in part by Research Grants E77, E957, and C1657, from the U. S. Public Health Service, and by funds from the Eugene Higgins Trust.
specified. This medium consists (per L) of: KH2PO4, 3 g; K2HP04, 7 g; (NH4)2S04, 1 g; MgS04.7 H20, 0.1 g; glucose, 5 g.
In experiments utilizing standing tubes for growth, a final volume of 5.0 ml was used. Aerated cultures were grown in 250 ml Erlenmeyer flasks with a final volume of 50 or 100 ml.
In all growth experiments the inoculum was a 1:50 dilution of a bacterial suspension of optical density of approximately 0.90. The quantity of inoculum of this dilution was such as to give a final dilution of 1:500 or 1:1,000 in the tube or flask.
Pentamidine (4:4' diamidino diphenoxypentane) (Merck and Co.) was dissolved in distilled water and sterilized by filtration through a "fine" grade sintered glass filter. It was then added to the growth vessels after the medium had been autoclaved and cooled. Bacteria were added after the pentamidine unless otherwise specified.
Turbidimetric measurements of growth were made on 5.0-ml samples with (1952) . The extent of transamination was estimated by measuring the amount of amino acid formed by the amino acceptor by paper chromatography. The procedure followed that described by Fowden (1951) with watersaturated n-butanol-acetic acid as the solvent for separation of the amino acids on paper.
The glutamic acid-jphenylalanine transamination was followed in both directions by measuring the appearance and disappearance of phenylpyruvic acid in the Beckman spectrophotometer at 300 m,. (Cammarata and Cohen, 1951) . As blanks the complete systems in which the amino acid and the a-keto acid, respectively, were omitted were employed. The formation of glutamic acid and phenylalanine in these reaction systems was confirmed qualitatively by paper chromatography.
RESULTS
Inhibition of growth by pentamidine. In both shaking and standing cultures growth of E. coli strain K-12 from small inoculum is completely inhibited (48 hr, 37 C, pH 7) by 5 X 10-5 M pentamidine. As the size of the inoculum increases, higher concentrations of pentamidine are required to achieve complete suppression of growth.
Bactericidal action of pentamidine. Pentamidine is, in fact, bactericidal for K-12 at concentrations L-Glutamic and a-ketoglutaric acids. L-Glutamic and a-ketoglutaric acids antagonize inhibition by pentamidine through a range of concentrations of pentamidine. Through this range, which is relatively limited, the reversal appears to be competitive (table 3) . WVhen a-ketoglutaric acid is used to suppress the inhibition, growth is slower than with glutamic acid, but ultimatelv the same degriee of reversal is attaine(l.
"Sparing" action of L-isoleucine and L-valine on glutamic acid. L-Isoleucine or L-valine alone was unable to reverse the inhibition of growth by pentamidine even at the minimal inhibitory level of the drug. (Valine inhibits K-12). In combination they were, howvever, able to oveicome inhibition by the lowest concentration but not by higher concentrations of the diamidine. With higher concentrations of the drug the combination of isoleucine and valine was able to enhance the reversal effected by glutamic acid (table 4). The data in table 4 and other data with different levels of isoleucine and valine against the same concentration of pentamidine suggest that the isoleucine-valine interaction with pentamidine is competitive. 7.5 X 10-6 7.5 X 10-s 100 10-4 10-2 100 2.5 X 10-4 2.5 X 10-2 100 5 X 10-4 5 X 10-2 100 7.5X 10-1 5X 10-2 67 * Minirmial concentration for complete reversal of the inhibition. (Apparent transamination between a-aminobutyric acid and a-ketoglutaric acid in whole cells is a sum of reactions involving two transaminations, a-aminobutyric-a-ketovaline and valinea-ketoglutaric acid (Rudman and Meister, 1953) . In this the inhibition effected by pentamidine is merely a less direct demonstration of interference with the glutamic acid-valine system.) The phenylalanine-glutamic acid transaminase is considered to reflect the aspartate, tryptophan, and tyrosine activities with glutamic acid (Rudman and Meister, 1953) . Phenylalanine was chosen because of the relative ease of quantitative determinations (see Methods) by spectrophotometry of phenylpyruvic acid (Cammarata and Cohen, 1951) . Transaminations involving othei amino acids were not tested for inhibition by pentamidine.
DISCUSSION
The inhibition of growth in several bacterial species by aromatic diamidines has been estabiished by a number of investigators. The followlng proposals, all of which do not come from work on bacterial systems, have been offered as to the nature of the biochemical lesion or lesions involved: (1) Blaschko and Duthie (1945) , that amine oxidases are inhibited; (2) Bernheim (1943) , in confirmation that amino acid oxidation by resting cells of E. coli is inhibited; (3) Eaton et al. (1952a, b) , that respiration of animal cells is decreased and glycolysis increased by pentamidine. Eaton (1952) cautions that the various effects seen with diamidines involve different concentrations of the drugs and have been observed on different cell systems. Still other results, essentially that polyamines (Snell, 1944; Bichowsky-Slomnitzki, 1948a, b) , nucleic acids (Bichowsky-Slomnitzki, 1948b) , and phospholipids (Elson, 1944) can counteract the inhibitory effect of diamidines on bacterial growth, make no proposal as to the nature of the inhibitory action but imply that the antagonists exercise their effect largely through binding the diamidines. In this respect the large quantities of polyamines, nucleic acids, and lecithin required support the suspicion that their role is a nonspecific one.
The work reported in this paper demonstrates that L-glutamic acid and a-ketoglutaric acid counteract the inhibitory effect of pentamidine on bacterial growth in considerably smaller amounts than those required of the large molecules discussed above. It is, of course, possible that particular components of those large molecules or traces of contaminating compounds were the real antagonists to the diamidines. There is as yet no experimental evidence to support this speculation. 
AMOS AND VOLLMAYER
At minimal inhibitory concentrations of pentamidine several basic amino acids-lysine, arginine, histidine, asparagine-serve to overcome the inhibition of growth of E. coli. These same amino acids are, however, ineffective against higher levels of pentamidine and do not enhance the effect of glutamic acid in this respect. This suggests that their activity is not related to the action of glutamic acid and a-ketoglutaric acid which show themselves to be competitive in their antagonism of pentamidine through a range of concentrations of that diamidine.
Both L-glutamic acid and a-ketoglutaric acid suppress the inhibition of growth by pentamidine. Glutamic acid is, however, more effective in that growth is a good deal more rapid though the final growth levels are virtually the same for a given concentration of the two. The fact that both compounds can be shown to act competitively against pentamidine makes it unlikely that glutamic acid is the end product of the reaction interfered with by the drug. Rather does it suggest that utilization of glutamic acid is impaired.
The demonstration that pentamidine does inhibit transaminations involving the valine and isoleucine reactions with glutamic acid makes this a first point to consider. In this case isoleucine and valine should exert a "sparing" action on glutamic acid in counteracting pentamidine inhibition of growth, as in fact they do. If the addition of isoleucine and valine rendered the bacteria resistant to further increases in pentamidine, it might be proposed that these two amino acids were the final products and the only glutamic acid reactions involved. This is not so, nor does the addition of L-leucine affect this condition. Though from the evidence it seems plausible that transaminations are indeed a point of attack by pentamidine on the bacterial cell, this is not the total explanation. Some other function of glutamic acid-either its incorporation into protein or its utilization in the synthesis of other metabolites-seems also to be impaired.
The bactericidal effect of pentamidine for E. coli has been reported previously (BichowskySlomnitzki, 1948a, b; Elson, 1944) . Bichowsky estimated the killing rate in the presence of glucose and ammonia and Elson considered that he had been able to reverse the "killing" effect of propamidine with lecithin. The enhancement of the bactericidal action of pentamidine by glucose is not clear in the present experiments, since glucose in the absence of ammonia appears itself to be bactericidal for K-12. A phenomenon similar to this last is that reported by Schaefer, Marshak, and Burkhart (1949) in which limitation of available nitrogen resulted in the rapid autolysis of tubercle bacilli in the presence of a suitable carbon source. The glucose "killing" effect without contact with pentamidine merits further investigation for possible relation to other biochemical lesions.
SUMMARY
The growth in simple medium of Escherichia coli strain K-12 was found to be inhibited by pentamidine. This inhibition was overcome by glutamic acid or a-ketoglutaric acid in a competitive manner. A "sparing" of glutamic acid in the suppression of inhibition could be demonstrated with combinations of isoleucine and valine. Transamination in dried cells between glutamic acid and a-keto-valine was found to be inhibited by pentamidine.
